1. Introduction {#sec1}
===============

In recent years, it became apparent that airborne transmitted diseases such as Tuberculosis (TB), Severe Acute Respiratory Syndrome (SARS), Avian Influenza and Swine Influenza (H1N1) are on a rise and may impose serious public health and financial burdens to our society. For example, the H1N1 pandemic spread rapidly around the world and caused as of July, 2010 over 18,366 deaths [@bib1] with its full impact remained to be seen. Therefore, there is a need to further study and understand the transmission of airborne infectious diseases in indoor environments, especially in microenvironments with high occupant density such as the public transportation means (e.g. buses, trains, airplanes).

Many studies of airborne transmission of respiratory infectious diseases focused on various indoor microenvironments, such as hospital ward [@bib2] and aircraft cabin [@bib3], [@bib4], [@bib5], [@bib6], and primarily emphasized the mechanisms of airborne transmission and the development of efficient infection-control strategies. Bus systems are a popular mean of public transportation around the world [@bib7]. A number of studies on bus microenvironments have reported serious indoor environment quality (IEQ) problems with many indoor pollutants at higher concentration levels than outdoors. A Hong Kong-based field study found that CO~2~ concentration levels could be up to 10 times higher than outdoor concentrations under overcrowded conditions in the bus system [@bib7]. Similarly, a field study in Boston, MA (USA) found that CO~2~ concentration levels were elevated and greatly affected by occupancy rates [@bib8], which is an indication of insufficient ventilation in the bus microenvironments. The insufficient ventilation and overcrowded conditions in the bus microenvironments, which unfortunately are the norm in many cities around the world, may increase the risk of airborne transmission of various infectious diseases. Therefore, alternate control strategies need to be developed and employed in order to protect the public from airborne transmitted infectious diseases.

Computational Fluid Dynamics (CFD) modeling has been used successfully to study the spatial and temporal distributions of temperature, velocity and contaminants in various micro-environmental settings including aircraft cabins [@bib4], [@bib5], [@bib9], trucks [@bib10], cars [@bib11], [@bib12], and buses [@bib8]. CFD was also proved to be a powerful tool to study the fate and transport of exhaled bio-aerosols [@bib5], [@bib13], [@bib14], which are technically difficult to measure in real world conditions.

Here, a recently developed and validated CFD model [@bib8] for the bus microenvironment was integrated with the Wells--Riley equation [@bib15] in order to numerically assess the risk of airborne transmission of influenza in bus microenvironments. Three mixing ventilation systems commonly used in buses, were studied in terms of their ability to minimize the risk of airborne infection. In addition, as an alternate ventilation method, displacement ventilation was also investigated. Furthermore, both the non air-recirculation and air-recirculation integrated with filtration ventilation methods were considered in this study as an alternative control strategy.

2. Method {#sec2}
=========

2.1. An integrated numerical model to predict infection probability for airborne diseases {#sec2.1}
-----------------------------------------------------------------------------------------

The probability of indoor airborne transmission of an infectious agent can be estimated from the Wells--Riley equation [@bib15], [@bib16] as follows:$$P = \frac{C}{S} = 1 - e^{{- Iqpt}/Q}$$Where, P is the probability of infection for a susceptible person, C is the number of infection cases, S is the number of susceptible people, I is the number of infectors, p is the breathing rate of a susceptible person (m^3^ s^−1^), q is the quantum generation rate by an infector (quanta·s^−1^), t is the total exposure time (s), and Q is the outdoor air supply rate (m^3^ s^−1^).

Eq. [(1)](#fd1){ref-type="disp-formula"} was derived based on the following assumptions: 1) well-mixed and steady state air conditions; 2) no biologic decay of infectious virus; and 3) no infectious particles elimination due to filtration and/or deposition.

The airborne viruses can be assumed to be attached to exhaled particles, and therefore the distribution of airborne viruses is similar to that of the airborne particles [@bib2]. Based on the drift-flux particle model [@bib17], the transport of airborne infectious particles can be calculated using the following governing equation:$$\frac{\partial\left( {\rho N} \right)}{\partial t} + \nabla \cdot \left( {\rho\left( {\overset{\rightarrow}{V} + {\overset{\rightarrow}{V}}_{s}} \right)N} \right) = \nabla \cdot \left( {\Gamma\nabla N} \right) - k\rho N + S$$Where, *ρ* is the density of air (kg m^−3^); *N* is the concentration of quanta, e.g. the infectious particles with viruses attached on their surfaces (quanta·m^−3^); $\overset{\rightarrow}{V}$ is the velocity vector of air (m s^−1^); ${\overset{\rightarrow}{V}}_{s}$ is the settling velocity vector of particles (m s^−1^) (${\overset{\rightarrow}{V}}_{s}$ can be calculated using the density and particle size with Stokes law); *Γ* is the diffusion coefficient of the particles (kg m^2^ s^−1^); *k* is the constant decay rate of the airborne organisms in the air (s^−1^); *S* is the source term. It is also worth pointing out that for the model development, while humidity levels and temperatures may affect droplet evaporation and change droplet size, droplet evaporation was neglected and 5 μm droplet nuclei size was selected as the size of interest for influenza [@bib2] and used in the simulations. The decay rate *k* of influenza viruses was assumed to be zero.

The deposition of particles *J* (quanta·m^−2^ s^−1^) at the floor and other upward surfaces of seats and walls can be estimated as follows [@bib2], [@bib18], [@bib19]:$$J = - v_{d}N_{\infty}$$Where v~d~ is the deposition velocity (m s^−1^) and $N_{\infty}$ is the concentration of quanta (particles) in the air near the surfaces (quanta·m^−3^). In the model, the particle size was assumed to be 5 μm, for which the settling velocity is about 7.5 × 10^−4^ m/s. The deposition velocity (v~d~) onto the floor and vertical smooth surfaces in the indoor environment is very close to the settling velocity for 5 μm diameter particles [@bib2], [@bib18], [@bib19].

If the airflow vectors are known, the spatial distribution of quantum concentration can be estimated numerically from Eq. [(2)](#fd2){ref-type="disp-formula"}. In this study, the authors' recently developed and validated CFD model for the bus microenvironment was used to calculate the velocity, temperature and contaminant distributions in the bus [@bib8]. Consequently, the infection risk P for a passenger, can be estimated from Eq. [(4)](#fd4){ref-type="disp-formula"} as follows:$$P = 1 - e^{- pNt}$$In a well-mixed air environment, N will be equal to Iq/Q as shown in Eq. [(1)](#fd1){ref-type="disp-formula"}.

2.2. Simulation scenarios {#sec2.2}
-------------------------

A total of four ventilation scenarios were used in this study. Each ventilation scenario and its conditions are summarized in [Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"} . In Scenario \#1, the original bus ventilation system was simulated ([Fig. 2](#fig2){ref-type="fig"} ). The air was supplied through linear air diffusers with a total area of 0.21 m^2^ and the air return/exhaust opening was located in the middle of the ceiling close to the middle doors. Scenario \#2 had the same linear air diffuser as Scenario \#1 with the air return/exhaust opening located in the center of the back wall. In Scenario \#3, the linear air diffusers were replaced by eight round air diffusers with a total area of 0.16 m^2^. Each round diffuser had a diameter of 16 cm and supplied air downwards. The location of the return/exhaust opening was same as in Scenario \#1. Finally, in Scenario \#4, the displacement ventilation method was employed instead of the mixing ventilation method used in other scenarios. The linear air supply openings were located 5 cm above the floor ([Fig. 1](#fig1){ref-type="fig"})(d). They were 20 cm in height with a total area of 2.34 m^2^. Air was supplied upward with an angle of 10° from the horizontal direction. Two linear air return/exhaust openings were located at each side of the ceiling with a total area of 1.43 m^2^.Fig. 1Bus cabins used in simulations: (a) bus cabin in Scenario \#1; (b) bus cabin in Scenario \#2; (c) bus cabin in Scenario \# 3; (d) bus cabin in Scenario \#4.Table 1Boundary Conditions in CFD simulations.Air supply openingAirflow rate: 0.54 m^3^ s^−1^; Temp: 20.2 °C; Vel: 2.54 m·s^−1^ in Scenario \#1 and 2, 3.37 m·s^−1^ in Scenario \#3, 0.23 m·s^−1^ in Scenario \#4; Turb. intensity: 2.5%; Turb. scale: 0.005 mAir exhaust openingFree-slipMouth openingsVel.: 1.87 m·s^−1^ for driver, 1.07 m·s^−1^ for other people; Temp.: 20.2 °C when inhalation, 34 °C when exhalation; Turb. intensity: 10%; Turb. scale: 0.0075 mBody surfacesNo-slip; Temp.: obtained in experiment as described in the textLightsNo-slip; Temp.: 25.0 °CFloorNo-slip; Temp.: 15.5 °C (in front compartment), 19.8 °C (in rear compartment)Front windshieldNo-slip; Temp.: 31.8 °CWindows in front doorNo-slip; Temp.: 12.3 °CWindows in middle doorNo-slip; Temp.: 14.0 °CWindows on the side of doorsNo-slip; Temp.: 12.3 °C (in front compartment), 14.6 °C (in rear compartment)Windows on the side of driverNo-slip; Temperature: 21.0 °COther wallsNo-slip; adiabatic conditionsFig. 2Geometrical characteristics of the bus cabin in Scenario \#1: (a) top view; (b) cross section A--A′; (c) cross section B--B′; (d) real shape and CFD model of linear air supply diffuser.

Furthermore, for each ventilation scenario described above, both the non air-recirculation and air-recirculation with filtration modes were considered. For the air-recirculation mode, the air recirculation rate was set to be 25% and the filter efficiency for 5 um size particles was assumed to be 75%. The total air supply rate was the same in each scenario with a value of 0.54 m^3^ s^−1^ based on our field measurements [@bib8]. It is also worth to note that for all scenarios the doors and windows were considered closed, thus air infiltration was assumed to be zero.

In all the scenarios, an occupancy rate of 26 seated people and 4 standing people was assumed ([Fig. 3](#fig3){ref-type="fig"} ). Therefore, for each scenario, a total of 30 simulations were conducted in order to estimate the infection probability for each person. In each simulation, one of the passengers was assumed to be the influenza infector doing continuous exhalation (continuous source), with the remaining passengers being the susceptible ones and doing continuous inhalation simultaneously. The continuous inhalation and exhalation assumptions have been validated [@bib20], [@bib21], and applied to a number of studies including both numerical [@bib22], [@bib23], [@bib24] and experimental methods [@bib24], [@bib25].Fig. 3Seat arrangement in buses (P1: driver, P2-P30: passengers).

According to our previous field measurement study [@bib8], the passengers rarely moved in the bus unless they were getting on/off the bus. Moreover, the change of CO~2~ concentration levels was small even when the doors were opened to allow entrance/exit of passengers, if there were no or little change in the total occupancy load. This minimal and localized effect of outdoor air inflow can be attributed to the great air exchange rate of 57.6 ACH (no air recirculation), which shows the capability to restore the bus microenvironment soon after the interruptions of the bus micro-environmental conditions. Therefore, the influence of any environmental changes that might be caused by the events, such as movement of the passengers and the door operation, were neglected by assuming a steady state.

2.3. Boundary conditions in CFD simulations {#sec2.3}
-------------------------------------------

### 2.3.1. Human occupancy {#sec2.3.1}

The seat arrangement and location for the driver and the 29 passengers are shown in [Fig. 3](#fig3){ref-type="fig"}. Each human body was simplified and made up of 13 rectangular parts: face, head, body (including neck), as well as left and right arm, hand, thigh, leg and foot. Arms and hands were made to be connected and integrated with the body. Height for all passengers was assumed to be 170 cm. The people were also assumed to wear clothes for autumn conditions, with only faces and hands exposed in the air. Heads were considered to be covered with hair. The body surface temperatures used in the simulations were measured by a thermal infrared camera (Maker: FLIR; Model: B60) in a subject experiment conducted in a climate chamber with similar air temperature and velocity distributions as in Scenario \#1. Furthermore, the subject in these experiments had slightly heavy clothes for late autumn. Based on the experiments, for the seated people, the surface temperature was 34 °C at face and hands, 30 °C at thighs and feet, 28 °C at head, 24 °C at trunk and arms and 23 °C at legs; for the standing people, the surface temperature was different at face (33.5 °C), thighs (24 °C) and legs (24 °C). In addition, the mouth was modeled as a rectangular opening (L2cm × H1.5 cm). The driver was assumed to have a metabolic rate of 1.8 met and breathe at a rate of 14 l/min; all passengers were assumed to be in a relatively quiet state with a metabolic rate of 1.0 met and breathe at a rate of 8 l/min [@bib26]. In the simulations, air was inhaled or exhaled from the mouth with only a horizontal direction.

### 2.3.2. Bus cabin geometry {#sec2.3.2}

The internal bus cabin geometric characteristics used in all our simulation scenarios were made similar to a Daimler-Chrysler SLF 200 as shown in [Fig. 2](#fig2){ref-type="fig"}. The surface temperatures of floor, windows and lights, as well as the turbulence intensity and airflow rate at the air supply openings were measured in a field experiment and previously reported in the literature [@bib8] and are summarized in [Table 1](#tbl1){ref-type="table"}. The rest of wall surfaces were assumed adiabatic.

2.4. Numerical procedure {#sec2.4}
------------------------

For all scenarios, the internal bus space was made up of approximately 120 million tetrahedral spatial cells and 200,000 triangular surface meshes. Moreover, approximately 2700 surface meshes were used for seated, and 2936 for standing human bodies. The grid systems were created using Gridgen V15.10 at a growth rate of 1.1. The grid quality was ensured with EquiAngle Skewness to be less than 0.84 for all meshes.

The commercial CFD software, Star-CD V4.08, was used to solve the governing equations together with the standard k-ε model and implicit SIMPLE algorithm [@bib27]. The finite volume method with the first-order upwind scheme was adopted for discretizing the governing equations. Solar and long wave radiation was not considered in the simulations. Moreover, the standard wall function [@bib28] was used for the near wall boundary layer. After obtaining the flow field, a generic scalar was used to calculate the transport of influenza quantum with Eq. [(2)](#fd2){ref-type="disp-formula"}. The generation rate of infection quanta of influenza was assumed to be 67 quanta·h^−1^ at the mouth of the infector [@bib29]. The scalar simulations provided the concentration of influenza quantum at the mouth opening of each susceptible person. Finally, Eq. [(4)](#fd4){ref-type="disp-formula"} was used to calculate the influenza infection risk for each susceptible person using the calculated quantum concentration at his/her mouth. Moreover, the exposure time was set to 10 min according to the period of a typical bus route in the previous experimental study [@bib8].

3. Results {#sec3}
==========

3.1. Airflow streamlines in the bus for each ventilation scenario {#sec3.1}
-----------------------------------------------------------------

[Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"} indicate the airflow streamlines of supplied and exhaled air from a number of infected passengers for scenarios \#1--4, respectively. In each scenario, the infected passenger was seated in a specific location (passengers P8, P12, P21, P27 and P30 as numbered in [Fig. 3](#fig3){ref-type="fig"}). The airflow streamlines are colored by air velocity magnitude.Fig. 4Airflow streamlines of supplied and exhaled airflows in Scenario \#1: (a) supplied airflow; (b) exhaled airflow of P8; (c) exhaled airflow of P12; (d) exhaled airflow of P21; (e) exhaled airflow of P27; (f) exhaled airflow of P30.Fig. 5Airflow streamlines of supplied and exhaled airflows in Scenario \#2: (a) supplied airflow; (b) exhaled airflow of P8; (c) exhaled airflow of P12; (d) exhaled airflow of P21; (e) exhaled airflow of P27; (f) exhaled airflow of P30.Fig. 6Airflow streamlines of supplied and exhaled airflows in Scenario \#3: (a) supplied airflow; (b) exhaled airflow of P8; (c) exhaled airflow of P12; (d) exhaled airflow of P21; (e) exhaled airflow of P27; (f) exhaled airflow of P30.Fig. 7Airflow streamlines of supplied and exhaled airflows in Scenario \#4: (a) supplied airflow; (b) exhaled airflow of P8; (c) exhaled airflow of P12; (d) exhaled airflow of P21; (e) exhaled airflow of P27; (f) exhaled airflow of P30.

It is obvious that for mixing ventilation methods (Scenarios \#1, 2 and 3), the location of the infected person in combination with the air distribution method and location of the air return/exhaust opening defined the streamlines of exhaled air in the cabin. Obviously, the passengers located between the infected person and the air return/exhaust opening would have greater risk for infection. For Scenario \#4 with displacement ventilation, it is obvious that air was purged quite nicely from the cabin by supplying the air at the floor level and exhausting it from the ceiling. Therefore, the airflow streamlines from the infected person to the exhaust opening was very limited and only people in the immediate vicinity of the infector were exposed and at risk.

3.2. Airborne infection probability for influenza virus {#sec3.2}
-------------------------------------------------------

### 3.2.1. Air-recirculation versus non air-recirculation modes {#sec3.2.1}

According to the simulation results, when the ventilation system was operated with 25% air-recirculation and coupled with a 75% efficiency filtration system, regardless of ventilation scenario and/or infector's location, the probability for a passenger to be infected by anyone else in the bus increased by only 0.05%, compared to the non air-recirculation mode. The driver was found to have a slightly higher probability to get infected (around 0.09%) compared to the non air-recirculation mode, which was attributed to the slightly higher breath rate.

### 3.2.2. Effect of ventilation methods {#sec3.2.2}

[Fig. 8](#fig8){ref-type="fig"} (a), (b), (c), and (d) show the probabilities for the four randomly selected seated passengers (P5, P8, P12 and P21) to get infected by the driver and the rest of the passengers for each ventilation scenario. It is clear that in Scenario \#4 with displacement ventilation method, the location of person-source did not affect the risk of airborne infection for the rest of the passengers, with the risk to be very low (around 0.05%). In all other ventilation scenarios, the probability of an airborne infection for these four passengers varied from 0.05% to 10.1%. It is worth pointing out that if the susceptible passenger is seated between the infector and the air return/exhaust opening, then the risk increased.Fig. 8Probabilities of airborne influenza infection by any other passenger for four seated passengers after a 10-min exposure: (a) P5 is the susceptible person; (b) P8 is the susceptible person; (c) P12 is the susceptible person; (d) P21 is the susceptible person.

[Fig. 9](#fig9){ref-type="fig"} (a), (b), (c), and (d) show the probabilities for each of the standing passengers (P27, P28, P29 and P30) to get infected by any other passenger in the bus. Similarly to the seated passengers described above, the displacement ventilation method (Scenario \#4) was found to be a better control strategy in terms of limiting the risk of airborne infection for the standing passengers. In all other ventilation scenarios, the "air mixing" influenced significantly the risk for airborne infection. In Scenario \#3, P9's exhaled infectious particles caused an infection probability as high as 22% for passenger P27. Similarly, P8's exhaled infectious particles caused a greater infection probability of 27.2% for passenger P28. These findings indicate that the standing passengers in the front compartment have higher risks of getting infected due to the fact that they were in the highly turbulent mixing zone of the cabin. Furthermore, the location of the air return/exhaust opening influenced the risk of airborne infection for the passengers standing in the rear compartment.Fig. 9Probabilities of airborne influenza infection by any other passenger for four standing passengers after a 10-min exposure: (a) P27 is the susceptible person; (b) P28 is the susceptible person; (c) P29 is the susceptible person; (d) P30 is the susceptible person.

4. Discussion {#sec4}
=============

Based on the aforementioned simulation results, it becomes apparent that the closer to the exhaust opening the infected person is, the shorter the pathway of the exhaled air in the cabin is, which results in smaller infection risks for the passengers in the bus. This is a quite important finding in terms of the ventilation method employed by the bus manufacturers. Most bus manufacturers use only a single air return/exhaust opening located either in the middle of the ceiling or the back wall (scenarios \#1, 2 and 3). It is quite obvious that these methods are not the most efficient methods in terms of minimizing the contact of the people from emitted bio-aerosols. This is in line with the results from the previous field studies [@bib7], [@bib8] which linked the lack of proper ventilation in bus microenvironments as well as the ventilation methods to increased risks for airborne transmission of infectious diseases. On the contrary, the displacement ventilation method (Scenario \#4) minimizes the air mixing in the cabin and reduces the contact of the exhaled bio-aerosols with the rest of the passengers, resulting in lower infection risks for the passengers.

The 25% air recirculation mode combined with a 75% efficiency filtration system results in almost the same infection probability with the non air-recirculation mode (100% outdoor air supply). The air recirculation mode is justifiably adopted in practice to reduce the energy consumption for maintaining thermal comfort in the buses. However, the air recirculation is also considered to be a factor in the airborne transmission of diseases. This finding supports the hypothesis that installing filtration systems in current buses that use air recirculation may be an effective control strategy to minimizing the risk of airborne infection induced by air recirculation.

5. Conclusions {#sec5}
==============

The CFD-based numerical model integrated with the Wells--Riley equation is a powerful tool that can be used to assess the link between micro-environmental conditions and airborne transmission of infectious diseases. These micro-environmental conditions result from the air distribution method, location of air return/exhaust opening, air recirculation and filtration. The developed numerical model was successfully applied to a popular mean of public transportation, to study the risk of airborne infection of influenza and develop effective control strategies for this unique bus microenvironment. The developed model can help public health professionals to further develop effective strategies in terms of controlling airborne transmitted diseases in many other microenvironments such as trains and airplanes. It becomes apparent from the results that the current bus ventilation methods are problematic in terms of their ability to limit the risk of an airborne infection, so alternate ventilation strategies such as displacement ventilation method may be implemented by the manufacturers. Another control strategy that may help to minimize the exposure of the public to airborne infectious viruses while using public transportation systems is the use of filtration systems. We plan to further use the developed numerical model to investigate other important public transportation microenvironments and come up with effective control strategies that can protect the public from airborne transmission of infectious diseases.
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